Methane monooxygenase hydroxylase was purified by chromatography and characterized by electrophoresis and spectroscopy. The molecular mass of hydroxylase was 201.3 KDa as determined by gel filtration, whereas the total molecular mass was 234 KDa as judged by SDS-PAGE. Structure study indicated that the enzyme is a homodimer structure, consisting of three subunits, designated , , and , with molecular masses of 58 KDa, 36 KDa, and 23 KDa respectively. IEF analysis indicated that the enzyme has a pI of 5.2. The UV-Vis spectrum of hydroxylase revealed an absorption peak near 281 nm and a weak shoulder peak around 395 nm-420 nm, and a fluorescence spectrum revealed an emission peak at 341.3 nm. Circular dichroism measurement indicated that hydroxylase mainly consists of -helical regions. Finally, phylogenetic analysis indicated that this strain is very close to Methylosinus trichosporium OB3b.
Owing to methane monooxygenase (MMO) in methanotrophs catalyzing the hydroxylation of methane to methanol according to the equation CH 4 + O 2 + NAD(P)H + H þ ! CH 3 OH + NAD(P) þ + H 2 O, which hardly occurs in chemical pathways, methanotrophs can grow with methane as the sole source of carbon and energy, but some other saturated or unsaturated hydrocarbons are able to serve as substrates for oxidation by methanotrophs, but support the growth of cells. [1] [2] [3] Methanotrophic bacteria possess an enzyme system of methane monooxylase including two different forms. One is a soluble form (sMMO), and the other is a particulate form (pMMO). It is generally known that any methanotroph can express pMMO showing narrow substrate specificity and is attached to intracellular membranes, while only some subgroups of methanotrophs are able to express sMMO, especially in type II methanotrophs. sMMO expression is controlled by Cu 2þ concentration depending on growth conditions, and the expression level of sMMO increases with consequent decreases in pMMO expression. [4] [5] [6] In the past few years, sMMO have been purified and characterized from six methanotrophs, Methylocystis sp. WI14, Methylosinus trichosporium OB3b, Methylocystis sp. M, Methylococcus capsulatus Bath, Methylomonas sp. GYJ3, and Methylobacteriium sp. CRL-26. Investigation covers the range of reaction mechanism, structural characterization, and molecular biology. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] Compared with pMMO, sMMO is considered to play a more important role in biocatalysis reactions and biotransformation processes because it can catalyze hydroxylation of aliphatic, aromatic, heterocyclic, and halogenated hydrocarbons, which is also potentially useful in bioremediation, since they can effectively degrade chlorincontaining hydrocarbons at high rates. [17] [18] [19] Besides, the non-heme iron hydroxylase (MMOH) is a key component in sMMOs and is responsible for transforming methane to methanol, and the activity site housing in it.
Methylosinus trichosporium IMV 3011, classified as a type II methanotroph, was kindly given by a Russian scientist Akcnticva.N. In early work, Xin et al. systematically explored the catalytic mechanism of whole cells and the characterization of pMMO, [20] [21] [22] [23] but sMMO has not yet been purified and characterized. In order to confirm that sMMO is present in strain IMV 3011 and the different biochemical properties among sMMOs from different sources, this report focuses on identify and characterizing methane monooxygenase hydroxy-lase. Meanwhile, the microbial culture conditions, purification, and biochemical characterization of hydroxylase, and phylogenetic analysis of 16S rDNA from Methylosinus trichosporium IMV 3011, were performed.
Materials and Methods
Cell culture. Methylosinus trichosporium IMV 3011 were grown in liquid culture of a mineral salt medium (Ref. 23) . 100 ml cultures were incubated in 250 ml flasks with 200-rpm shaking at 33 C. The carbon and energy source supplied for growth was a mixed gas of air/methane, (v/v) = 3:1. Batch cultivation was performed in a 7-liter fermenter with the same medium at 33 AE 1 C, 300 rpm. The gas mixture was continuously sparged through the fermenter at a flow rate of 0.2 liter/ min, the pH was maintained at 7.0-7.2 by automatic addition of 1 N NaOH, and the dissolved oxygen (DO) level was kept at about 30%. Cells were harvested at OD 590 ¼ 1:2{1:5 by centrifugation at 9,000 g for 12 min (4 C). The 6-10 g pellets per liter of cultural media was obtained. The cells were stored at À80 C until used.
Scanning electron microscopy. Cell examination was made on batch cultures in the exponential growth phase. Cell pellets were collected and centrifugation and the fixed method (Ref. 24) . The cell was observed using a JEOL JSM-6400V (Tokyo, Japan) scanning electron microscope.
Preparation of cell-free extract. Frozen cells (30 g) was thawed in 50 ml 25 mM MOPS buffer (pH 7.2) containing 200 mM Fe(NH 4 ) 2 (SO 4 ) 2 , 8 mM sodium thioglycolate, 2 mM cysteine, 2 mM DTT, 2 units/ml of DNase I, and 0.5 mM MgCl 2 (buffer A). The cells were lysed ultrasonally for 12 min. The sonicated suspension was ultracentrifuged at 100,000 g for 90 min, and the supernatant was carefully decanted and filtrated with 0.22 mm membrane.
Purification of the hydroxylase. The hydroxylase was purified using methods mentioned in previous reports. 8, 10) The extraction was loaded onto a DEAE Sepharose Fast Flow column (26 mm Â 200 mm, Pharmacia, Sweden) prequilibrated with 25 mM MOPS, pH 7.0, 8 mM sodium thioglycolate, 200 mM Fe(NH 4 ) 2 -(SO 4 ) 2 and 2 mM DTT (buffer B). After the column was washed with 600 ml of buffer B, the hydroxylase was eluted with 1,400 ml buffer B linear gradient from 40 mM to 500 mM NaCl at a flow rate of 1.3 ml/min. The fractions containing MMOH, component B, and component C (reductase) eluted at 50 mM, 150 mM and 300 mM NaC1 respectively. The MMOH fractions were verified by SDS-PAGE and concentrated by ultrafiltration with a 50 kDa cutoff membrane (Millipore, Massachusetts, USA). Likewise, the other two protein components required for methane monooxygenase activity were concentrated with a cutoff membrane (Millipore).
The concentrated hydroxylase was applied to a Sephacryl S-300 column (16 mm Â 900 mm, Pharmacia) preequilibrated with buffer B containing 50 mM NaCl at a linear flow rate of 0.6 ml/min, and the hydroxylase fractions were pooled. Final purified hydroxylase was obtained from a Resource Q column (Pharmacia) using a 0-30% gradient of 1 M NaCl, 25 mM MOPS, pH 7.0, at a flow rate of 1 ml/min. Final products were concentrated by ultrafiltration of a 50 kDa cutoff membrane, and then stored at À80 C. All operations were performed at 4 C.
Molecular mass estimation. The molecular mass of hydroxylase was estimated by gel filtration on SuperdexÔ 200 prep grade (Pharmacia) The estimate method referred to the instruction manual of gel filtration calibration kit (Pharmacia). The molecular mass of hydroxylase subunits were determined by SDS-PAGE according to the method of the Laboratory Manual (LKB-Produkter AB, Bromma, Sweden). 25) Isoelectric analysis. The isoelectric point (pI) of hydyoxylase was determined by the Multiphor II electrophoresis system (Pharmacia), and focusing was done in 0.5-mm thin layer polyacrylamide gels (T 5%, C 3%) containing ampholines (pH range 3.0-10, LKB-Produkter AB). Electrofocusing was carried out for 2,000 V-h on a Multiphor gel tank system (Pharmacia), and formation of the pH gradient was monitored using IEF standard marker proteins (Pharmacia). 25) Stability of crude hydroxylase. Several stability experiments on the crude hydroxylase were carried out by adding a variety of stabilizing reagents, including 5 mm sodium dithionite, 15% of glycerol, and 20 mM DTT under N 2 atmosphere condition, as shown in Table 3 . Their activity was checked after 48 h of incubation at 4 C.
Genomic DNA extraction and primer design. Total chromosome DNA was extracted from Methylosinus trichosporium IMV 3011 using the TaKaRa MiniBEST Bacterial Genomic DNA Extraction Kit Ver.2.0. Primers of PCR and sequencing for 16S rDNA were designed based on sequences from GenBank (accessions. Y18947, U81595, AF153281) and synthesized using an ABI 394 DNA/RNA synthesizer (Applied Biosystems, California, USA). Two oligonucleotide primers were synthesized as follows:
Phylogenetic analysis of 16S rDNA. PCR amplification of 16S rDNA genes from Methylosinus trichosporium IMV 3011 was sequenced (GenBank no. DQ 149124) and aligned with the Clustal W program. A phylogenetic tree was constructed and analyzed using the PHYLIP software package (version 3.63). Bootstrap analyses from 100 replicates were performed to provide confidence estimates for tree topologies. 26) Determination of protein. Protein was assayed using BCA assay kit (Pierce, Illinois, USA) with bovine serum albumin as the protein standard, and the manipulative process was performed according to the instructions in the BCA assay Kit.
High performance liquid chromatography (HPLC).
Equipped with a Biosep Sec-S3000 column (7:8 Â 300 mm, Phenomenex, Boston, USA), an HPLC system (HP 1090) was used to evaluate the degree of purification of the hydroxylase. Analysis conditions were as follows: column temperature 25 C, flow rate 0.5 ml/min, detection wavelength 280 nm, injection volume 10 ml.
Analysis of metal ion. Metal ion was measured by the atomic absorption method with a 180-80 Atomic Absorption Spectrophotometer (Hitachi, Tokyo, Japan). Two ppm copper and iron atomic absorption standards (National Research Center for CRMs, Beijin, China) were prepared with ddH 2 O before using the instrument.
Circular dichroism spectroscopy. Hydroxylase in 25 mM Tris-HCl buffer (pH 7.0) was scanned 10 times between 190 nm and 350 nm (for far-UV CD analysis) on a Jasco J-20C Automatic Recoding spectropolarimeter using a 2-mm path length quartz cuvette. In all cases, the response time was 2 s and the scan speed was 50 nm/min. A blank sample was calibrated under the same conditions. Fluorescence spectrum. Purified hydroxylase was determined using a fluorescence spectrum at 280 nm excitation wavelength, and scanned over the range 200 nm-600 nm. Fluorescence excitation and emission scans were recorded with a Shimadzu Spectroflourometer Model RF 540 equipped with excitation-emission monochromators.
UV-Visible spectrum. The spectrum was obtained using an HP 8453 diode array spectrophotometer, and 25 mM Tris-HCl buffer (pH 7.2) as blank calibration.
Enzyme assays. sMMO was analyzed by GC, whose activity was measured by epoxidation of propene to propene oxide. The specific activity for each component was measured in the presence of an excess of the other two components, as described by Nakajima et al. and Shen et al. 8, 12) Herein the activity of hydroxylase was measured by adding saturated amounts of both purified component B (> 95%) and component C (> 95%) in the cell-free extract, optimal amounts of purified hydroxylase to the reaction solution, and the methanol-free NADH (Sigma) and sodium formate (Fluka) were added to final concentrations of 10 mM and 5 mM respectively. Hydroxylase activity responses with the difference in epoxy propane formation with and without hydroxylase added in cell-free extraction was measured. One unit of activity was defined as 1 nmol of propene oxide formation per min.
Results and Discussion
Scanning electron microscopy The cells of Methylosinus trichosporium IMV 3011 were rod-shaped and slightly bent when viewed under the scanning electron microscope. Moreover, the cells had a even surface and swollen body, so these observations indicate that the cells were identical organisms, not transfigured and not contaminated (Fig. 1) .
Sequence analysis
The expected length of PCR products for 16S rDNA was 1,290 bp. A blast search based on 16S rDNA in GenBank suggested that strain IMV 3011 belongs to type II Methylosinus trichosporium, since it showed over 96% identity with more than 50 strains from type II methanotrophs. On the other hand, as shown in Fig. 2 , the phylogenetic analysis of 16S rDNA indicated a close relationship between Methylosinus trichosporium IMV 3011 and Methylosinus trichosporium OB3b.
Purification of the hydroxylase
Hydroxylase is a three-subunit enzyme that promotes the hydroxylation of hydrocarbons by catalyzing the incorporation of oxygen into substrates. To date, very few hydroxylases have been characterized from methanotrophs, in contrast to a large number of other commercial enzymes. With respect to the structurefunction relationship and reactive mechanism of the enzyme, highly pure products are greatly needed, so the hydroxylase from Methylosinus trichosporium IMV 3011 was the first to be purified, identified, and characterized. The purification process of hydroxylase included three-step chromatography: DEAE-Sepharose Fast Flow, Sephacryl S-300, and Resource Q as described in Table 1 . The purity of hydroxylase reached electrophoretic homogeneity, suggesting that the bulk of impure protein had been removed, and the specific activity was found to be 603.6 U/mg protein, corresponding to 8.08-fold of purification with 34.3% yield. At the first step of purification, the recovery of enzyme activity was rather low. This may be due to the removal of some fractions which stabilize the enzyme activity. There was roughly 4.1% soluble hydroxylase in Methylosinus trichosporium IMV 3011. This enzyme was found have a higher specific activity than other reported hydroxylases, except for Methylosinus trichosporium OB3b (1,700 U/mg protein), 7) and it displayed higher stability than other hydroxylase. The purity of hydroxylase was more then 95%, as confirmed by SDS-PAGE. The HPLC pattern with a single major peak was visible at a loading of 15 mg protein as shown in Fig. 3 and Fig. 4 . SDS-PAGE analysis revealed three-subunit bands of approximately equal intensity. Purity was estimated by densitometry analysis (Pharmcia LKB UltroScan XL) to be more than 97% of total protein.
Biophysical characterization of hydroxylase
The purified hydroxylase had a molecular mass of 201.36 KDa based on gel filtration chromatography. Meanwhile, SDS-PAGE analysis revealed the presence of a three-subunit protein, corresponding to molecular masses of ¼ 58 KDa, ¼ 36 KDa and ¼ 23 KDa, so the total subunit molecular mass was 117 KDa as shown in Fig. 4 . This result indicates that the hydroxylase is a homodimer under physiological conditions, and that the total molecular mass is 234 KDa. All reported hydroxylases have molecular masses in the range of 210-245 kDa, whereas the molecular mass of the hydroxylase reported here is significantly lower than that range. However, the -subunit molecular mass of the hydroxylase from the present strain is near the reported value ranges between 54 kDa and 57 kDa. All these results suggest that the MMOX ( subunit) genes size is similar in all the strains listed in Table 2 . Considering other things, the isoelectric point of hydroxylase was estimated to be pH 5.2 on 0.5-mm layer isoelectric focusing gel, and this pI value is higher than the value of Methylocystis sp. WI14 hydroxylase, and near of from Methylococcus capsulatus Bath and Methvlocystis sp. M as shown in Table 2 . The above results indicate that the hydroxylase from Methylosinus trichosporium IMV 3011 is a homogenous, acidic protein (Fig. 5) . The metal ions iron, zinc, and copper of hydroxylase were assayed by atomic absorption spectroscopy after exhaustive dialysis to remove traces of contaminating metals, indicating a purified hydroxylase containing 3.02 mol/mol Fe. However, Cu and Zn were below the detection level, and this result was different from that for Methylococcus capsulatus Bath and Methylobacteriium sp. CRL-26. 9,11) Zinc was also found in their protein.
The Fe atom is an important trait for sMMO activity due to the Fe ion acting as an electron carrier during the reduction and oxidation of the enzyme, which is necessary for the active site. sMMO activity was more affected by Fe content (Table 2) , and the general tendency was that the specific activity of hydroxylase increased with Fe content rising. Earlier studies on strain GYJ3 by Shen et al. 12) showed two different methods for purifying hydroxylase resulting in differens in Fe SDS-PAGE was performed using 12.0% acrylamide gel. Lane Mr, the molecular mass markers obtained from Pharmacia. content, as follows: the enzyme contains 3.78 mol/mol Fe by HPLC, and 2.02 mol/mol Fe by three-step LC, which is due to Fe lost during the purifying process. This experiment supports the view that hydroxylase contains a labile binuclear iron center, so two binuclear iron clusters may be not equally stable and may differ in either protein interaction or participation in forming the active complex. After 1-3 mM of FeCl 2 or FeCl 3 was added into purified hydroxylase, the iron ion did not significantly affect the enzyme activity (data not shown). However, the result of this study was significantly different from that of the study by Nakajima et al., who claimed the hydroxylase activity can be stimulated by iron ions.
8)
The UV-Visible absorption spectrum of the oxidized hydroxylase displayed absorbance maxima at 281 nm, then a steady decrease to longer wavelengths with a weak absorption observed in the region of 395 nm-420 nm (Fig. 6 ). This character was consistent with other enzymes containing oxo-bridged binuclear iron clusters (with absorbance near 410 nm and 550 nm). The weak shoulder around 406 nm-410 nm reflects an intrinsic property of hydroxylase, and was associated with tyrosine radical formation and tyrosine ligation. 10) The far UV-CD spectra of hydroxylase at 25 C showed two negative peaks around 221 nm and 208 nm (Fig. 7) , indicating the predominance of an -helical structure. This conclusion was supported by a crystallogram of hydroxylase. 13, 14) The enzyme is different from Methylobacteriium sp. CRL-26 hydroxylase in its fluorescence spectrum. The purified hydroxylase here revealed an emission at 341.3 nm and excitation at 293.2 nm.
Effects of stabilizing reagents on crude hydroxylase As a crude extract, the hydroxylase appeared relatively unstable, with 42% activity lost after 48 h of incubation (4 C). In particular, the activity decline was more apparent in the process of column chromatography, whereas the stability of the enzyme was enhanced by adding Fe(NH 4 ) 2 (SO 4 ) 2 , cysteine, DTT, and sodium thioglycolate into the buffer. Unluckily, the specific activity of hydroxylase was lower by 20%-30% than that of adding these reagents at the first step of purification. In this study, we report for the first time the effect of several stability reagents and nitrogen atmosphere on the enzyme activity. The reagents included (i) 15% glycerol, (ii) 5 mM sodium dithionite, (iii) 20 mM DTT, (iv) nitrogen-saturated enzyme solution (Table 3) . It can be seen that enzyme stability was improved from 2% to 18% after adding these reagents. The effects on the hydroxylase activity are shown in Table 3 . It was found that hydroxylase activity was notably enhanced, by 18% after the addition of 20 mM DTT. This was due to protecting the oxidation of disulfide bonds and maintaining monothiols in the reduced state of hydroxylase. A nitrogen atmosphere enhancd the stability of the enzyme to a certain extent. The addition of dithionite and glycerol resulted in only a slight effect on the Electrophoresis was performed on 0.5-mm thin layer isoelectric focusing gels (T 5%, C 3%) containing ampholines (pH range, 3.0-10, LKB-Produkter AB). Lane pI, broad pI markers produced by Pharmacia. stability of hydroxylase. Taken together, about 24%-40% of the enzyme activity was still lost, although these reagents provided some benefit. This work describes purification and characterization of a hydroxylase extracted from Methylosinus trichosporium IMV 3011. Despite many reports on sMMO there is only a little information available about the physico-chemical properties of the pure enzyme, which will be beneficial to further study on sMMO structure and catalytic reaction. As far as we know, almost all methanotrophs contain pMMO, and sMMO exists only in some methanotrophs, these results clearly indicate the existence of sMMO in Methylosinus trichosporium IMV 3011. However, the problem of losing the enzyme activity remains to be overcome. We hypothesize that the loss of enzyme activity may be due to iron loss from the enzymatic site during purification, especially in the dialysis period, since dinucleus iron and enzyme activity are very much relative. It also suggests that the enzyme is very sensitive to prevailing conditions. Farther studies on enzyme structure function relationships and molecular properties are in progress.
Conclusion
Hydroxylase, a soluble MMO component from Methylosinus trichosporium IMV 3011, was purified to electrophoretic homogeneity. The enzyme was purified about 8.08-fold, with a specific activity of 603.6 nmol/ min per mg of protein, revealing a higher specific activity than with other MMOH. Some biochemical properties also were elucidated. Phylogenetic analysis revealed that strain IMV 3011 is very close to Methylosinus trichosporium OB3b. The effects of stabilizing reagents on hydroxylase activity were explored. The experimental results indicate that 20 mM DTT had a notable effect on hydroxylase activity which was enhanced by 18%. This is the first report on the effects of stabilizing agents on hydroxylase. a Under the same experimental procedures, relative activity without adding any protective reagent was 58%. The initial relative activity of hydroxylase was 100%.
